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Abstract: A method of obtaining the large strain consolidation parameters of dredged clays 
considering the influence of the initial water content is investigated in this study. According to the 
test results of remolded clays with high initial water contents reported by Hong et al. (2010), a 
relationship between the void ratio (e) and effective stress (ı') is established. Furthermore, based on 
the available permeability data from the literature, a new relationship between the permeability 
coefficient (k) and the ratio (e/eL) of the void ratio to the void ratio at the liquid limit (eL) is 
proposed. The new proposed expression considering the initial water content improves the e-k 
equation established by Nagaraj et al. (1994). Finally, the influence of the initial void ratio and 
effective stress on the large strain consolidation coefficient g(e) defined by Gibson et al. (1981) and 
k/(1+e) in large strain analysis is discussed. The results show that, under a constant effective stress, 
the value of k/(1+e) increases with the initial void ratio. The large strain consolidation coefficient 
shows the law of segmentation change, which decreases with the increase of the effective stress 
when the effective stress is less than the remolded yield stress, but increases rapidly with the 
effective stress when the effective stress is larger than the remolded yield stress.     
Key words: initial void ratio; permeability; large strain consolidation parameter; remolded yield 
stress; dredged clay     
 
1 Introduction 
As methods of determining the coefficient of consolidation, the graphics-fitting method is 
not suitable for studying soil’s nonlinear consolidation properties, while the index property 
method cannot easily reflect soil’s consolidation characteristics accurately. A more accurate 
method of obtaining the coefficient of consolidation is calculation with the -e σ ′  and e-k 
relationships, where e is the void ratio, σ ′  is the effective stress, and k is the permeability 
coefficient. Davis and Raymond (1965) assumed that the permeability and compression 
coefficients changed synchronously, and deduced a constant consolidation coefficient. 
However, for most soils, the -e σ ′  and e-k relationships do not change in the same pattern. 
Burland (1990) normalized compression curves of remolded clays by introducing a new 
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parameter called the void index. Taylor (1948) proposed that there was a semi-logarithmic 
relationship between the void ratio and permeability coefficient. Carrier et al. (1983) found 
that both -e σ ′  and e-k showed a strong double logarithmic relationship. These studies 
improve our understanding of the soil’s compression and permeability characteristics, but the 
changing laws of the consolidation parameters above are based on traditional consolidation 
data and laboratory tests, where the initial void ratios are relatively low. In reclamation 
projects, the soil exhibits large strain consolidation characteristics at high initial water contents. 
Hence, it is necessary to study the compression and permeability characteristics under a high 
void ratio. By introducing the nonlinear relationships of -e σ ′  and e-k into the consolidation 
theory proposed by Gibson et al. (1981), the large strain consolidation coefficient g(e) can be 
obtained. In Gibson’s theory, g(e) is constant, which leads to the difference between the 
calculated and real results. In order to reasonably reflect soil’s nonlinear consolidation 
characteristics, Zhang (2002) discussed the consolidation process by assuming that g(e) is in 
an exponential form. Jiang et al. (2010) pointed out that g(e) changed by an order of 
magnitude in the consolidation process. Though g(e) is a complex function of the void ratio, it 
can be fitted by a simple power function. In these studies, the initial void ratio was relatively 
high, but the influence of the initial void ratio was not taken into account. 
Hong et al. (2010) conducted one-dimensional consolidation tests on clays reconstituted 
at different initial water contents, and found that the effect of the initial water content could 
not be ignored when studying soil’s compression characteristics. Note that there is a 
one-to-one correspondence between the initial water content and the initial void ratio for the 
same homogeneous saturated soil. Therefore, introducing the initial void ratio into soil’s 
consolidation analysis will reflect nonlinear consolidation characteristics more accurately. 
In this study, according to the test results of remolded clays at high initial water contents 
and the concept of remolded yield stress reported by Hong et al. (2010), the relationship 
between the void ratio and effective stress considering the effect of the initial void ratio was 
established. Moreover, based on the available permeability data from the literature, a new e-k 
relationship is proposed, which expands the normalized e-k relation proposed by Nagaraj et al. 
(1994). Finally, based on the large strain consolidation theory established by Gibson et al. 
(1981), a new quantitative expression of g(e) considering the initial void ratio and the void 
ratio at the liquid limit is provided. The influence of the initial void ratio and effective stress 
on g(e) is discussed. 
2 e-ı' relationship considering initial void ratio 
Based on Burland’s normalized intrinsic compression curve of remolded clays, Hong et al. 
(2010) carried out further theoretical and experimental research, and widened the application 
scope of the intrinsic compression curve. A new concept of remolded yield stress sσ ′  was 
proposed by Hong et al. (2010), and sσ ′  is as follows: 
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σ ′ =                                 (1) 
where Le  is the void ratio at the liquid limit, and 0e  is the initial void ratio. 
In Hong et al. (2010), the intrinsic compression curve was obtained when the effective 
stress was larger than or equal to the remolded yield stress, but the -e σ ′  quantitative 
expression was not provided when the effective stress was less than the remolded yield stress. 
Hong et al. (2010) found that the compression curves of remolded soils with different initial 
void ratios are significantly different when the effective stress is lower than the remolded yield 
stress. In reclamation projects, the sludge consolidation occurs under the self-weight loading, 
but the self-weight stress is very small (Sills 1998). Therefore, it is necessary to study the 
consolidation properties at low stress levels. 
Fig. 1 shows the relationship between the void index ( vI ) and effective stress for 
Lianyungang clay at different initial water contents ( 0ω ), which is obtained from the test 
results of Hong et al. (2010). There is a good linear relationship between the void index and 
effective stress when the effective stress is less than the remolded yield stress. In order to 
better reflect this linear relationship, the relationship between the void ratio and effective 
stress for Baimahu clay is shown in Fig. 2 when sσ σ′ ′< . The -e σ ′  relationships of Kemen 
and Lianyungang clays are similar to that of Baimahu clay. Figures dealing with these two are 
not shown here.  
         
Fig. 1 Relationship between vI  and σ ′  for     Fig. 2 Relationship between e and σ ′  for Baimahu 
      Lianyungang clay at different 0ω  values           clay at different 0e  values when sσ σ′ ′<     
Further analysis finds that the slope and intercept of the -e σ ′  curve have strong 
correlations with the initial void ratio 0e  and void ratio at the liquid limit Le . On this basis, the 
-e σ ′  relational expression of Eq. (2) can be provided when the effective stress is less than the 
remolded yield stress: 
2
L L2.77 10.49 13.34.91
L 0 00.06
e ee e e eσ− +− ′= − +                      (2) 
Eq. (2) is obtained according to Baimahu clay with the initial void ratios of 1.7, 2.2, 2.4, 
3.1, 4.1, and 4.8; Lianyungang clay with the initial void ratios of 1.4, 1.9, 2.1, 2.6, 3.2, and 3.8; 
and Kemen clay with the initial void ratios of 1.5, 1.9, 2.1, 2.3, 2.4, 2.6, 2.8, and 3.2. Table 1 
shows basic physical properties of these clays, from Hong et al. (2010). 
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Table 1 Basic physical properties of clays 
Clay Density of soil particle (g/cm3) Liquid limit (%) Plastic limit (%) e0 
Lianyungang  2.71 74 33  1.3-4.0 
Baimahu  2.65 91 38  1.7-4.8 
Kemen  2.67 61 30  1.5-3.2 
Fig. 3 shows the comparison of the void ratio calculated with Eq. (2) and the measured 
void ratio for Baimahu and Lianyungang clays. The results indicate that Eq. (2) can well 
describe the consolidation law while the effective stress is less than the remolded yield stress.  
 
Fig. 3 Comparison of calculated and measured void ratios for Baimahu and Lianyungang clays 
When the effective stress is larger than or equal to the remolded yield stress, the -e σ ′  
relationship can be obtained from equations in Hong et al. (2010), as follows: 
( )2* *c 1003.0 1.87 lg 0.179 lge C eσ σª º′ ′= − + +¬ ¼                (3) 
where *cC  represents the inherent compression parameter, and 
*
100e  is the void ratio of 
remolded soil at an effective stress of 100 kPa. These two parameters only relate to the void 
ratio at the liquid limit. Detailed information can be found in Hong et al. (2010). 
Combining Eqs. (2) and (3), the -e σ ′  relationship throughout the consolidation process 
can be determined as follows: 
( )
2
L L2.77 10.49 13.34.91
L 0 0 s
2* *
c 100 s
0.06                            
3.0 1.87 lg 0.179 lg            
e ee e e
e
C e
σ σ σ
σ σ σ σ
− +−­ ′ ′ ′
− + <°
= ® ª º′ ′ ′ ′
− + + ≥° ¬ ¼¯
             (4) 
It is noted that the -e σ ′  relationship is established for remolded clays, and the initial 
water content is 0.7 to 2.0 times the liquid limit. The water content of soils in most 
reclamation projects is within this range. In the actual project, there may be remolded clays or 
silts with higher water contents, more than 2.0 times the liquid limit (Deng et al. 2009). 
Studies have shown that the high water content sludge first enters the deposition process 
before entering the consolidation process (Been and Sills 1981). After deposition, the water 
content of sludge is nearly 2.0 times the liquid limit (Ji 2009), which is very close to the values 
in this study. Thus, the proposed relationship is suitable for most reclamation projects. 
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3 Nonlinear e-k relationship 
Samarasinghe et al. (1982) proposed that the e-k relationship behaved as an exponential 
expression. Mesri and Olson (1971) described a double logarithmic e-k relationship. However, 
these established relational expressions were obtained from permeability tests. Nagaraj et al. 
(1994) only found that the soil permeability coefficient was related to Le e  by analyzing the 
e-k relationship of the remolded soil at the states of normal consolidation and 
over-consolidation. Then, Eq. (5) was established using permeability data with soil’s liquid 
limit ranging from 50% to 300% and Le e  ranging from 0.4 to 1.0. 
v
L
2.162 0.192lge k
e
= +                            (5) 
where vk  is the vertical permeability coefficient. 
In practical engineering situations, such as those involving reclaimed soil, natural 
sedimentary soil, and high-sensitivity soil, the soil’s water content is often higher than the 
liquid limit. In these circumstances, applicability of Eq. (5) needs to be further explored. 
Therefore, the basic parameters used for establishing e-k equations in Nagaraj et al. (1994), 
Pane et al. (1983), and Znidarcic et al. (1986) were collected in this study. The liquid limit 
ranges from 42% to 106%, and Le e  is between 0.4 and 2.0. Furthermore, three types of 
remolded clays, Baimahu clay, Kemen clay, and Huaian clay, were used to establish the e-k 
relationship in this study. Table 2 shows the soils’ basic properties from previous studies and 
this study. Based on these data, we obtained the following fitting formula with a correlation 
coefficient of more than 0.97:  
4.42
7
L
1.6 10 ek
e
−
§ ·
= × ¨ ¸© ¹
                           (6) 
Eq. (6) indicates that there is a strong exponential relationship between Le e  and k, as shown 
in Fig. 4. Fig. 4 shows that Eq. (5) can accurately reflect the e-k relationship while the void 
ratio ranges from 0.7 to 1.4, but the error is large when it is outside of this range.  
Table 2 Soils’ basic properties from previous studies and this study 
Data source Soil Density of soil particle (g/cm3) Liquid limit (%) Plastic limit (%) 
Nagaraj et al. (1994) 
Red soil 2.65 50 27 
Brown soil 2.65 62 31 
Black cotton soil 2.65 84 47 
Marine soil 2.66 106 47 
Pane et al. (1983) Commercial kaolinite 2.66 54 32 
Znidarcic et al. (1986) 
Georgia kaolin 2.60 44 25 
Speswhite fine clay 2.66 53 32 
This study 
Baimahu clay 2.65 91 38 
Kemen clay 2.67 61 30 
Huaian clay 2.70 42 20 
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Fig. 4 k vs. e/eL 
4 Derivation of g(e) considering initial void ratio 
Gibson et al. (1981) established a one-dimensional large strain consolidation equation in 
the solid phase coordinate according to the balance equation, continuity equation, the principle 
of effective stress, and Darcy’s law: 
( )
s
w w
d d1 0
d 1 1 d
k e k e e
e e z z e e z t
γ σ
γ γ
ª º§ · ′∂ ∂ ∂ ∂§ ·± − + + =« »¨ ¸ ¨ ¸+ ∂ ∂ + ∂ ∂© ¹ « »© ¹ ¬ ¼
             (7) 
where wγ  is the specific weight of water, sγ  is the specific weight of soil particles, z is the 
solid phase coordinate, and t is time. The symbol + and −  are used when the coordinate 
direction are opposite to and along the gravity direction, respectively. 
g(e) defined by Gibson et al. (1981) is as follows: 
( ) ( )w
d
1 d
kg e
e e
σ
γ
′
= −
+
                          (8) 
Substituting Eqs. (4) and (6) into Eq. (8), g(e) as established in the large strain theory can 
be expressed as 
( )
( )
( )
( )
( )( )
2
L L
4.427
L
s2.77 10.49 13.34.91
w L 0
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σ σ
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−
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−
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+°
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′×°
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             (9) 
5 Variations of k/(1+e), dı'/de, and g(e) with ı' 
Fig. 5 shows the relationship between ( )1k e+  and σ ′  for Baimahu clay. As can be seen, 
( )1k e+  decreases rapidly when the effective stress is less than the remolded yield stress, and 
then changes slowly as the effective stress increases. The changing law reflects the nonlinear 
consolidation characteristics. Under a constant effective stress, the value of ( )1k e+  
increases with the initial void ratio. 
Fig. 6 shows the relationship between σ ′  and d deσ ′  calculated with Eq. (4) for 
Baimahu clay. It can be seen that the change of d deσ ′  is very small while the effective stress 
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is less than the remolded yield stress. However, when the effective stress is larger than a 
certain value, d deσ ′  decreases rapidly. Under a constant effective stress, the larger the initial 
void ratio is, the larger the value of d deσ ′  is. 
 
  Fig. 5 ( )1k e+  vs. σ ′  for Baimahu clay             Fig. 6 d deσ ′  vs. σ ′  for Baimahu clay 
Fig. 7 shows the relationship between g(e) and σ ′ , where g(e) is calculated according to 
Eq. (9). The values of σ ′  at the points with the minimum g(e) values are the remolded yield 
stress of clays corresponding to their initial void ratios. It can be seen that g(e) presents a 
segmentation change law. When the effective stress is less than the remolded yield stress, g(e) 
decreases as the effective stress increases, and when the effective stress is larger than the 
remolded yield stress, g(e) increases rapidly with the effective stress. However, when the effective  
 
Fig. 7 g(e) versus σ ′  for three remolded clays 
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stress reaches a certain value, g(e) shows different trends. In Fig. 7(a), g(e) shows a downward 
trend. In Fig. 7(b), g(e) shows a slower growth trend with small initial void ratios, but shows a 
downward trend with a relatively high initial void ratio (e0 = 3.2). In Fig. 7(c), g(e) grows 
slower as the effective stress increases. 
The variation of g(e) reflects the dominant position of the permeability and compression 
coefficients. The turning point under low stress conditions is due to the yield pressure of 
remolded soil. In the high void ratio stage, the permeability coefficient plays a leading role in 
the changing process of g(e), and the rapidly decreasing permeability coefficient leads to the 
decrease of g(e). Yield failure occurs in the soil structure when the effective stress is relatively 
large, and soil’s compressibility plays a leading role in the change of g(e), so g(e) increases 
rapidly with compressibility. When the loading is larger, soil particles are more closely 
arranged. At this stage, the permeability and compressibility of soil gradually stabilize, and the 
increment speed of g(e) slows down. 
On the other hand, when the effective stress is less than the remolded yield stress, the 
value of g(e) at a high initial void ratio is less than that at a low initial void ratio under a 
constant effective stress. However, when the effective stress is larger than the remolded yield 
stress, the change law of g(e) is opposite. This shows that the influence of the initial void ratio 
on consolidation parameters cannot be ignored. 
6 Conclusions 
Based on the research of Hong et al. (2010) and Nagaraj et al. (1994), the following 
conclusions have been reached in this study:  
(1) The -e σ ′  relationship considering the influence of the initial water content was 
established, and the relationship differs under the conditions of sσ σ′ ′<  and sσ σ′ ′≥ .  
(2) An extended e-k expression was obtained based on Nagaraj’s equation, which was 
suitable for dredged sludge with a liquid limit ranging from 44% to 106% and an e/eL value 
between 0.4 and 2.0. 
(3) g(e) decreases with the increase of the effective stress when the effective stress is less 
than the remolded yield stress. However, when the effective stress is larger than the remolded 
yield stress, g(e) increases rapidly with the effective stress. The variation of g(e) reflects the 
dominant position of the permeability and compression coefficients. 
(4) When the effective stress is less than the remolded yield stress, the value of g(e) at a 
high initial void ratio is less than that at a low initial void ratio, and the influence of the initial 
void ratio on consolidation parameters cannot be ignored. 
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